We present time-resolved spontaneous emission measurements of a single quantum dot that is temperature tuned around the band edge of a photonic crystal waveguide. 85% efficient coupling to the slowlight waveguide mode is obtained. ©2008 Optical Society of America OCIS codes: (270.5580) Quantum electrodynamics; (230.5590) Quantum-well, -wire and -dot devices.
Experimental demonstration of tuning of the coupling between a single quantum dot and the photonic crystal waveguide
We study 2D photonic crystals consisting of a 150 nm thick GaAs membrane where the waveguide is formed by leaving out a single row of holes. The waveguide is 100 μm long and centered in a 7 μm wide photonic crystal with a lattice parameter of a = 256 nm and a hole radius of r = 0.299a. The center of the membrane contains a single layer of self-assembled InAs quantum dots characterized by a center emission wavelength of 950 nm, an inhomogeneous broadening of 50 nm, and a decay rate in bulk GaAs of ~1 ns -1 . Each quantum dot acts as a single-photon emitter in the weak pumping regime.
The quantum dots are pumped with a pulsed Ti:Sapphire laser at 850 nm corresponding to excitation in the wetting layer. The spontaneously emitted photons are collected using a NA=0.6 microscope objective and directed to a single mode fiber. It acts as a pinhole in a confocal setup, which gives a spatial resolution of ~1.5 μm (FWHM). Emission spectra are recorded with a spectrometer equipped with a CCD camera, and time-resolved measurements are performed with an APD. The resolution of the CCD spectra is 0.05 nm, and the wavelength interval sent through to the APD is 0.1 nm. The time resolution of the APD is 280 ps, as obtained from the FWHM of the instrument response function.
The experiment is done by first aligning the collection spot precisely on top of the waveguide and then selecting a single quantum dot line that is efficiently coupled to the waveguide at 10K. The efficient coupling is identified by recording the spontaneous emission decay curve since coupled quantum dots decay fast due to the Purcell effect. An example is shown as the blue curve in fig. 1(a) . The quantum dot emission wavelength is subsequently tuned towards the steep slope of the waveguide band edge, by changing the temperature from 10 K to 60 K in intervals of a1195_1.pdf IThB6.pdf The decay curves at 10K (blue) and 60K (green) are shown in fig. 1 (a) and we observe a pronounced difference in the fast decay rate, corresponding to an altered coupling between the waveguide and the quantum dot. At 10 K the quantum dot couples efficiently to the waveguide mode leading to an accelerated decay, whereas at 60 K the decay is slow due to the suppressed local density of stated in the 2D photonic crystal bandgap. The red lines are fits to the data applying a bi-exponential model convoluted with the APD instrument function. The fast decay rate is dominated by the radiative decay rate, which is strongly enhanced due to the coupling to the waveguide mode, and contains an additional non-radiative part. The slow decay rate is dominated by non-radiative recombination of dark excitons, and will not be discussed further here.
The fitted decay rates are plotted as a function of reduced frequency (a/λ) and colored with temperature in fig. 2(b) . We see a clear enhanced decay rate around a/λ = 0.264 with a maximum of Γ 1 = 2.66 ns -1 , which corresponds to the band edge of the waveguide mode. For lower frequencies, the decay rates rapidly decrease to Γ 2 = 0.41 ns -1 , which is inhibited due to the photonic crystal.
From the measurements we can extract the β-factor, which is the figure-of-merit for a single-photon source and expresses the fraction of the emitted photons that are coupled to the waveguide. It is given by
where Γ WG is the coupling rate to the waveguide, Γ rad is the coupling rate to all other radiation modes, and Γ nrad is the non-radiative decay rate. Assuming that Γ 1 reflects a situation where the coupling to the waveguide is negligible, we have, Γ rad + Γ nrad = Γ 2 and Γ WG = Γ 1 -Γ 2 leading to β = 85%. This very high efficiency illustrates the great potential of a photonic crystal waveguide for single-photon source applications, and makes it a very promising candidate for novel nonlinear quantum optics experiments at the few-photon level [5] .
